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ABSTRACT 


Ihe  energy  absorbed  by  aluminum,  carbon,  or  tissue -equivalent  (TE) 
material  \dien  exposed  to  gamma  rays,  fast  neutrons,  or  900-Mev  alpha 
particles  vas  measured  with  a  microcalorimeter.  The  Instnment  was 
patterned  after  the  one  described  by  Reid  and  Johns,  Rad.  Res.  lU,  1 
(1961),  but  has  an  ethylene  glycol  bath  Instead  of  water.  Spaced  mylar 
sheets  about  6-I/2  in.  in  diameter  were  mounted  on  one  side  of  the 
absorber  inside  the  evacuated  cylindrical  chamber  in  order  that  the 
detector  could  be  thermally  Insulated  in  the  direction  of  the  beam 
without  the  presence  of  bath  solution. 

Gamma-ray  absoihed  dose  rates  eis  low  eis  2  rads/mln  were  measured 
with  the  instrument.  The  dose  rates  obtained  from  the  exposures  to 
C06O  and  Cs^37  sovirces  at  this  Laboratory  (NRDL)  agreed  with  the 
output  of  the  sources  as  measured  with  a  Nation^  Bureau  of  Standards 
secondary  standard  cavity  ionization  chamber.  Thirteen  10-mln 
exposiues  of  the  TE  absorber  in  the  microcalorimeter  to  fast  neutrons 
from  the  Iftilversity  of  California  6o-in.  cyclotron  at  Crocker  Laboratory 
resulted  in  sbsorbed  dose  measurements  varying  from  2k  to  40  rads.  The 
average  absorbed  dose  value  ims  3  percent  higher  than  the  NRDL 
determination  based  on  flux  and  spectnim  measurements.  Microcalorimeter 
exposures  to  the  900-Mev  alpha  particle  beam  from  the  University  of 
California  l84-in.  synchro-cyclotron  at  Lawrence  Radiation  Laboratory 
gave  absorbed  doses  that  agreed  reasonably  well  with  ionization  chaniber 
determinations . 
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SUMMARY 


Ulie  Problem 


The  purpose  of  this  experiment  was  to  build  and  test  a  calorimeter 
capable  of  detecting  temperatiire  changes  corresponding  to  absoibed 
energy  rates  of  2  rads/mln  In  aluminum,  cazbon,  and  tlsszie -simulating 
absorbers  \dien  exposed  to  gamma  rays,  fast  neutrons,  or  charged 
p8Li*tlcles . 


The  Findings 

The  calorimeter  was  constructed  and  Its  use  as  a  laboratory 
standard  was  demonstrated.  Cs^37  gaama-ray  absorbed  dose  rates  of 
2  rads/mln  were  measured  by  the  Instrument.  Co^  and  Csl37  ganaa-ray 
dose  rates  agreed  with  Ionization  chamber  measxurements .  Fast  nezitron 
absorbed  dose  rates  with  the  tissue-simulating  absorber  were  sUi^tly 
higher  than  the  dose  rate  based  on  spectxou  and  flux  measurements. 
Calorimeter  and  Ionization  chamber  measurements  of  900-Mev’  alpha 
particle  absorbed  doses  were  comparable  for  dose  rates  varying  from 
7^  to  4000  rads/mln. 
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INTRODUCTION 


Measurenent  of  the  tenopersture  rise  of  Irradiated  material  provides 
a  fundamental  and  direct  method  of  determlniiig  aibsoz4>ed  dose.  The 
advantages  of  this  technique  have  been  demonstrated  in  earlier  invest! • 
gatlons  and  have  led  to  the  recomnendatlon  that  calorimetry  measurements 
be  used  for  primary  standardization  of  absozbed  dose  for  photon  energies 
above  1.0  Mev.1/2 

The  \jMt  of  absoibed  dose  is  the  rad.  One  rad  is  100  ergs/g  or 
2.39  X  10"°  cal/g  of  absoiblng  material.  For  graphite,  1  rad  of 
absoibed  energy  resiilts  in  a  temperature  change  of  1.4  x  lO'^^C.  Tbis 
paper  describes  a  microcalorlmeter  designed  to  measure  neutron  and 
ganma-ray  absozbed  dose  rates  as  low  as  2  rads/mln  and  evaluates  its 
performance  with  various  absoiber  materials  and  radiation  sources. 
Alxmlnum,  graphite,  and  tissue-equivalent  (TE)  material  were  used  as 
absozbers .  Dose  rates  for  the  absozbers  obtained  from  gamaa-ray 
esqposures  to  Oo^  and  Cs^37  sources  at  this  Laboratory  (NRDL)  aire 
compared  to  the  outputs  of  the  sources  as  omasured  with  a  National 
Bureau  of  Standards  secondary  standard  cavl'^  ionization  chaadher. 

Doses  of  fast  neutrons  from  the  Utaiversl'ty  of  California  6o-ln. 
cyclotron  at  Crocker  Laboratory  were  measured  with  the  adcrocatlorlmeter 
zulng  the  TE  absozber.  Modified  Slevert  l<»ilzation  chaaAMrs  and  film 
detectors  gave  coaiimratlve  vaiLues  with  and  without  the  equlpawnt  for 
fast  neutrons  and  gamma  rays.  The  microcalorlmeter  absozbed  dose  value 
is  compared  to  the  NRDL  calibration  based  on  flux  and  speetnsa  deteral- 
natlons  and  to  measurements  made  with  a  system  of  homogeneous  ionization 
chaadMrs  by  the  Radiobiological  Besearch  Utalt  of  the  Medical  Research 
Council,  Bazwell,  Etagland.  Results  are  also  presented  of  higher  dose 
rate  esqposiires  of  the  TB  absoiber  to  900-Mev  alpha  particles  from  tlM 
Uhiversl'ty  of  California  l84-in.  synchro-cyclotron  at  Lawrence  Radiation 
Laboratozy. 
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EXPERIMENTAL  ARRANGEMENT 


The  calorimeter  Is  of  the  conventional  design  consisting  of  a 
cylindrical  absozher  placed  Inside  a  concentric  baffle  vhich  in  turn  is 
suspended  in  a  vacuum  chamber.  The  entire  assembly  is  placed  in  a 
liquid  bath  vhlch  is  held  at  a  constant  temperatiov  so  that  steady-state 
conditions  can  be  reached  by  the  absozber^  baffle,  and  vacuzim  chaidber. 
Siq^lementazy  equipment  Includes  the  temperature  sensor  in  the  absozber 
and  its  z«lated  cizcults,  electzd.ccd.  heating  colls  and  usoclated 
circuits  for  calibration  purposes,  the  vacuum  system,  and  the  temperature 
contz*ols  for  the  bath.  The  following  paragraphs  describe  the  equipment 
in  detail. 


Vacuum  Chanber  and  Bath 


The  general  arrangement  of  the  calorimeter,  \dilch  is  shown  in 
Fig.  1  and  2,  is  similar  to  that  used  by  Reid  and  Johns^  and  Bernier, 
et  al.,^  with  the  exception  that  one  end  of  the  aluminum  vacuum  chaaber 
extends  thzoucdi  the  wall  of  the  bath  so  that  the  Incident  radiation  will 
not  be  attenuated  by  the  bath  liquid.  Hbat  exchange  between  the  absozber 
and  the  room  thzmi^  this  extended  end  of  the  vacuim  chamber  was  mini¬ 
mized  by  l4  aluminized  mylar  film  radiation  shields  within  the  vacuus 
chasiber  and  a  2-ln.  thick  styrofoam  plug  over  the  outer  end.  Ethylene 
glycol  was  used  as  a  bath  liquid  to  minimize  corrosion.  The  bath 
testpezatuzre  was  maintained  by  a  mercury  thensozregulator  contzxzlUng  an 
IsBierslon  beater.  Opeztttlon  of  the  bath  at  about  above  average 
room  teoperatizre  eliminated  the  necessi'ty  of  a  cooling  system  as  the 
heat  input  from  the  stirring  device  and  vacuum  pump  was  more  than 
compensated  for  by  the  losses  from  the  bath  to  the  sxurounding  atmos¬ 
phere.  under  these  conditions,  the  bath  tenqmratzire  cycle  haid  an 
ausplltude  of  about  O.OO^^C. 

A  vacuum  of  approximately  10~^  ima  of  iserctuy  was  madntained  by  use 
of  an  ion  pusp  iblch  required  a  mechanlcadL  fore  pnmp  only  during  the 
inltlaiL  pnmplng-dovn  pezlod.  With  this  vacuum,  the  zate  of  heat 
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Fig*  1  A  schematic  drawing  of  the  general  arrangement  of  the 
microcalorimeter • 
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Fig.  2  The  microcalorimeter  with  the  top  removed  and  the  bath  solution 
drained.  The  absorber  assembly  is  attached  to  the  standpipe 
that  is  bolted  to  the  aluminun  vacuun  chamber. 
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exchange  between  absoxber  and  bath  was  estioated  to  be  of  the  order  of 
4  X  10'^  cal/°C  per  sec.  Ihle  eetloate  was  baaed  on  a  Beaturenent  of 
the  rate  of  tenperature  change  of  the  graj^lte  aibeoxber  for  a  known 
temperature  difference  (aitproxlnately  0.5°C)  between  bath  and  abeozber. 


Absoibere  and  Baffles 


Absozbere  were  constructed  of  three  different  Baterlals— alumlnuB 
(Al),  graphite  (C),  and  a  tissue-equivalent  cazbon-loaded  plastic  (TB). 
The  A1  and  C  absozbers  were  In  the  fozn  of  a  hollow  cylinder.  Ihe  TE 
absorber  was  a  solid  cylinder.  Dlaenslons  and  weii^ts  of  the  absozbers 
are  shown  In  Table  1.  Electrical  heating  of  the  hbsozbers  for  cali¬ 
bration  purposes  was  acconqpllshed  In  the  ease  of  the  A1  and  C  absozbers 
by  a  coll  of  resistance  wire  which  was  wrapped  around  the  outside  of 
the  cylinder  In  a  helical  groove.  On  the  TE  absozber  the  heating 
cxirrent  was  passed  throuc^  the  absozber  material  Itself,  electrical 
contact  being  made  to  a  thin  film  of  sdumlniai  evaporated  on  each  end 
of  the  cylinder.  To  minimize  radiative  losses  tram  the  absozber  and 
heating  colls,  the  absozber  surfaces  were  covezed  by  anodized  alumlnw 
foil,  the  snoozed  sxnrface  facing  Inward  to  prevent  electrical  shorting 
of  the  heating  circuit. 


Table  1 
Absozber  Data 


Kbsoiber 

iaterlal 

VUel^ts  (g) 

Dimensions  (cm) 

Callbratlan 

Resistance 

{dam) 

DlaaMter 

Height 

Hall 

Thickness 

A1 

6.58 

0.03 

6.6i 

D 

0.20 

306 

C 

3.51 

o.o8 

|9 

0.30 

169 

TB 

5.10 

0.20 

H 

B 

solid 

430  (qppirox.] 

5 


Each  absorber  vas  suspended  by  nylon  threads  In  a  hollow  baffle 
made  of  the  same  material  a«  the  dbsozber.  Althouj^  the  primary 
purpose  of  the  baffle  was  to  provide  electronic  equilibrium  during 
Irradiation,  it  served  the  aiddltlonal  purpose  of  making  the  absorber 
teoqperattire  changes  nearly  adiabatic  during  an  esqposure  to  radiation. 
Since  the  baffle  absorbed  energy  from  the  radiation  at  the  same  rate 
am  the  absorber,  It  therefore  erqperlenoed  temperature  changes  of 
approximately  the  same  magnitude.  The  baiffles  were  adso  equipped  with 
heating  colls  so  that  during  eadibratlons  the  same  electrical  power 
per  mams  of  baiffle  material,  could  be  sipplled  to  the  batffle  am  warn 
supplied  to  the  absorber.  Figure  3  shows  the  TE  baiffle  and  absorber 
prior  to  flnauL  amseably.  !Ihe  flanged  metad  cylinder  to  which  the 
absorber  assembly  Is  attached  Is  the  bottom  portion  of  the  standpipe 
^Ich  Is  shown  bolted  to  the  top  of  the  vacuum  chanber  In  Fig.  2. 
Electrlcad  connections  atre  made  by  a  nine -pin  fea»d-through  In  the  bame 
of  this  standpipe. 

In  each  of  the  three  absorbers  a  thermistor  warn  imed  to  detect 
the  tesiperature  change  of  the  absorber.  Qhe  thermistors  wed  were  the 
bead  type  with  a  mams  of  approximately  0.01  g  and  nominal  reslstamce 
of  100,000  ohms  at  23^0.  In  the  A1  absorber  the  thermistor  was 
Imbedded  in  the  Ud;  In  the  C  absorber  It  was  imbedded  In  the  side  wadi; 
and  In  the  TE  absorber  It  warn  In  a  hole  passing  through  the  center  of 
the  absorber.  In  adl  thermistor  Instadlatlons,  a  drop  of  vacuum  pump 
oil  was  placed  on  the  bead  to  Improve  thermad  contact  with  the  absorber 
materlad. 


Detectlwi.  Aipllflcatlon.  and  Calibration  Systems 

Figure  k  is  a  diagram  of  the  Wheatstone  bridge  circuit  used  for 
detecting  resistance  chamges  In  the  thermistors.  The  battery  E  Is  a 
1.3^-volt  mercury  cell.  Is  the  thermistor;  R2  Is  a  variable 
resistance  made  19  of  coaponents  giving  a  range  from  30,000  to  160,000 
ofaasB  In  O.l-ohm  stqps;  auad  R3  and  R^  axe  100,000-ofan  fixed  resistors. 

Ibe  bridge  signal  was  amplified  by  a  Beckman  Model  l4  DC  breaker 
amplifier  and  was  recorded  by  a  Varlam  Model  0*10  IOOhbv  strip 
recorder  with  an  accuracy  of  1  perment  of  full  scade.  Ore  attenuator 
between  aapUfler  and  recorder  vas  a  sij^le  potentloawter  Introduced 
to  Insurm  that  aaqplifler  output  Is  greater  than  0.3  volt  for  full  scade 
recorder  deflection— -a  precaution  reeoaaMndad  by  the  manufacturer  of  the 
amplifier  to  mlnlaiae  zu>lse  originating  after  the  gain  control. 

Ore  electrlead  power  used  for  cadlbratlon  purposes  was  supplied 
by  two  1.34«volt  mercury  cells  In  series,  (krrrent  was  controlled  by 
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Fig«  3  The  TB  absorber  and  baffle  prior  to  fined  assembly. 


7 


Pig.  4  nxe  Wheatstone  bridge  circuit.  See  the  text  for 
explanation  of  syiibols. 


variable  resistances  In  series  vlth  the  heating  coils  and  measured  by 
a  variable  scale  mlcroasneter  vlth  an  accuracy  of  0.^  i>ercent  of  full- 
scale  deflection.  Calculations  of  pover  dissipation  In  all  heating 
colls  vas  by  the  method,  vlth  the  coil  resistance  measured  to  an 
accuracy  of  0.3  percent  by  a  Mieatstone  bridge.  In  the  ease  of  the  ^ 
absorber,  the  resistivity  of  the  material  vas  found  to  vary  vlth 
current;  thus  pover  calculations  required  asasureaent  of  voltage  drop 
across  the  absorber.  Ibis  vas  done  to  an  accuracy  of  approximately 
0.3  percent  by  a  digital  voltaater.  All  electronic  coaponents  of  the 
bridge  and  pover  supply  vere  contained  in  a  s’^rrofosa-lnsulated  astal 
box  except  for  the  asplifier,  recorder,  and  meters . 


ABSORBED  DOSE  DEIBOUHATIOEB 


Qie  recorder  deflection  resulting  tram  the  thermistor  temperature 
increase  vhlch  occurs  vhsn  energy  is  absorbed  by  the  absorber,  is  a 
function  of  the  aBK>unt  of  energy  absorbed.  Or,  if  tins  is  considered. 
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the  elope  of  the  zveorder  trace  Is  «  function  of  the  rate  of  energy 
absorption.  Figure  5  shows  the  response  trace  of  the  recorder  for  a 
typical  lOHBln  radiation  exposure  and  outlines  the  method  \ised  to 
calculate  the  absoibed  dose  tram  the  slope  (or  deflection  zwite)  of  the 
trace,  taking  Into  consideration  the  background  drift  during  the  period 
of  energy  absorption.  Ihe  calibration  factor  which  Is  used  In  this 
calcxQatlon  Is  obtained  by  observing  the  deflection  which  occxirs  when 
a  known  quantl-ty  of  electarlcal  energy  (expressed  In  rads  In  Fig.  3)  Is 
stqqpllAd  'to  'toe  heating  coll  of  the  sasw  absozber,  drift  corrections  . 
to  the  recorder  trace  'being  aade  In  the  sasw  Banner  as  In  the  exposure 
runs. 


The  general  procedure  was  to  alternate  calibration  runs  of  10  aln 
duration  with  exposure  runs  of  the  sasse  tlae  period.  Before  eatch  run 
the  bridge  was  rebalanced  (and  the  recorder  thtis  reset)  by  adjusting 
the  iraulable  resistance  In  the  bridge  circuit.  A  ratio  of  divisions 
of  recorder  deflection  per  ofan  change  In  thermistor  reslstauce  warn 
obtatined  from  this  adJustaMut  and  warn  used  as  a  sensitivity  cheek  of 
the  system.  Oie  siean  of  the  calibration  factors  obtadjoed  In  indlviduad 
runs  warn  then  used  for  each  of  the  absozbed  dose  calculations.  Table 
.2;  lists  these  amam  calibration  factors  and  related  data  for  the  three 
absozbers . 

In  the  exposures  to  the  900-lfBV  ailpba  paurtlcle  beam  the  absozbed 
dose  rates  were  much  hicbn*  (up  to  hOOO  rads/Bln)  and  the  exposure 
tiises  were  accordingly  reduc^  to  Halt  the  totad  absozbed  energy  to 
kOOO  rads  In  auiy  one  znin.  The  system  sensitivity,  as  controlled  by 
amplifier  gadn,  was  of  course  greatly  reduced  for  these  higher  dose 
rates.  Because  of  limited  time,  the  nudMr  of  cadibratlon  runs  waui 
held  to  a  minimum.  Ihe  cadlbratlon  factor  (rads/dlv)  shown  In  Thble  2.; 
warn  therefore  expressed  in  a  more  geziezml  fozm  by  talking  the  product 
of  it  and  Its  corresponding  systems  sensitivity  (dlv/ofam).  This  product 
Is  a  factor  (zads/otam)  which  for  a  given  thezmistor  resistance  should 
be  Independent  of  system  sensitivity  and  was  found  to  be  so  'by  check 
cadlbratlons  at  severad  different  absozbed  energy  rate  levels  iqp  to 
the  equivalent  of  4000  rads/adn.  It  was  thus  used  In  the  high  dose 
rate  experiments  Instead  of  a  separately  determined  calibration  value 
for  each  new  dose  rate. 

The  following  sections  desczibe  the  microcalorlmeter  exposures  to 
gasami  rays,  fast  neutrons,  and  9004iBV  alpha  particles,  and  the 
resulting  dose  measurements. 
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Table  2 


meroeelortseter  Calibration  Data 


Power  iQput  (l^  or  El):  2  to  13  (iv 
Calibration  rate:  2  to  12  rads/aln 

System  sensitivity:  2^  to  29  dlv/ofaa 


ibsoxber 

Teaqp 

(“c) 

Iheralstor 

Resistance 

(ohms) 

Thexsdstor 

Sensitivity 

(6hBs/°C) 

Ho. 

of 

Runs 

Calibration 

Factor 

(rads/div) 

Standard  Error  of 
Naan  Calibration 
Factor 
(rads/dlv) 

A1 

38* 

55,000s 

2l»00» 

19 

1.39 

0.01 

A1 

28 

85,000 

IKXX) 

8 

0.91 

0.01 

!IE 

26 

86,000 

3900 

52 

1.43 

0.02 

C 

28 

87,000 

3900 

17 

0.79 

0.02 

*  Initial  runs  were  aade  at  ssproodBately  15°C  above  arerace  rooa 
teaperature.  In  later  runs  this  differential  was  reduced  to  ftbont 
ifie  low  tbenalstor  resistance  and  sensltlvl'ty  are  the  resiQts 
of  this  higher  operating  teaperature. 
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Qaana-ray  gwasTirawnta  with  the  mlcroealortneter  were  nade  using 
the  NRDL  200>curle  Co^  and  120-c\a‘le  Gb^37  sources.  In  order  to 
mlninlze  scattering  frcn  the  equipment,  the  gaasM-ray  hean  froa  the 
cone-shaped  radiation  aperture  in  the  lead  shield  around  each  source 
was  limited  to  the  cross-sectional  area  of  the  baffle.  !Dii8  was 
accomplished  by  means  of  an  additional  lead  collimator  with  a  circular 
opening  of  7-cm  diameter.  The  roentgen  output  of  each  source  was 
initially  calibrated  to  an  accuracy  of  2  percent  with  a  cavity 
ionization  chamber.  This  secondary  standard  ionization  chamber  was 
constructed  and  calibrated  by  the  National  Bureau  of  Standards  (NBS) 
for  radiations  ranging  in  energy  up  to  those  of  Oo^  gaana  rays.* 

A  further  check  on  the  output  of  the  source  during  the  expostire  period 
was  made  with  a  Vlctoreen  condenser  r-meter  calibrated  by  NBS.  The 
values  given  in  Table  3  for  the  source  calibration  were  based  on  the 
cavity  ionization  chaaber  measxirements  idilch  were  approximately  2  per¬ 
cent  hi^er  than  the  r-meter  results. 


Table  3 

Gamma-Ray  Measurements 


Source 

Absozber 

Material 

W.  *T  ~  M  *1-^  d 

No. 

of 

Runs 

Soxurce 

Calibration 

(rads/mln! 

Absorber 
Dose  Rate 
(rads /min) 

Standard  Error 
of  Mean  Absozber 
Dose  Rate 
^rads/minj 

_  60 
Go 

Al* 

6 

8.9 

9.0 

0.1 

Al* 

8 

7-1 

7.5 

0.1 

TE 

10 

8.1 

8.2 

0.1 

C 

55 

15 

7.2 

7.2 

0.2 

Cs^^ 

TE 

6 

2.2 

2.5 

0.2 

C 

k9 

10 

2.0 

2.0 

0.1 

*  Qhe  two  series  of  AL  runs  were  made  two  months  apart. 


*  mvata  cama'inlcation. 


12 


3 

The  amitn  dimensions  of  the  Sievert  ionization  ehaaiber'^  made  it 
possible  to  insert  six  of  them  inside  the  hollow  aluminum  absorber  so 
that  the  dose  inside  the  microcalorimeter  could  be  ccnpared  with  that 
in  air.  The  sbsorbed  energy  averaged  over  the  entire  absorber  will  be 
very  nearly  the  energy  absorbed  at  the  center  of  the  ed>soiber  aiass. 

The  Co^  gamna-ray  dose  measured  with  the  ionization  chaobers  Inserted 
In  the  absorber  in  the  mlcrocalorlmeter  was  (92  t  1)  percent  of  the 
dose  meas\ired  in  air.  The  corresponding  factor  for  the  Cs^^'  sovirce 
was  (87<-  l)  percent.  Attenuation  in  the  aluminum  end-plate  of  the 
vMuum  chamber  and  in  the  baffle  accounted  for  most  of  this  reduction 
in  dose.  Scattering  from  the  bath  solution  contributed  about  1  percent 
to  the  totc^.  absorbed  dose  for  the  Oo^  gaaaaa  rays.  The  lead  collimator 
used  with  the  Co  source  scattered  an  additionail  1  percent  into  the 
ganaia-ray  beam  while  the  one  used  with  the  Cs  soxxrce  reduced  the  beam 
Intensity  by  approximately  l/2  percent  by  absorbing  ecae  of  the  garnna 
rays  previously  scattered  into  the  beam  from  the  aperture. 

As  all  three  absorbers  bad  about  the  same  average  thickness  in 
g/cm<>  the  Sievert  chaniber  measurements  in  the  A1  absorber  and 
cyllrder  were  also  used  to  correct  the  C  and  TB  absorbers.  A  low 
value  for  the  effective  absorption  coefficient  was  observed  from  the 
meuurements,  2  percent  correction  for  attenuation  in  the  A1  absorber 
for  both  sources  pl\is  1  percent  in  the  beiffle  for  the  Cb^37  ganaaa  rays. 
No  effect  could  be  detected  for  the  aluainum  baffle  exposed  to  Co^ 
gaana  rays.  These  mecuaurements  indicate  that  the  contribution  of  the 
scattered  radiation  in  the  baffle  and  absorber  to  the  measured  dose 
inside  them  was  sufficient  to  lower  the  effective  absorption  coefficient 
from  the  Compton  value  (about  0.03  car/g)  to  approximately  0.02  cm^/g. 

The  results  of  the  gamma-ray  exposTures  cure  tabulated  in  Thble  3* 
Source  measurements  in  roentgens  were  converted  to  absorbed-dose 
calibration  values  in  rads  using  8^,  88,  and  97  ergs/g  per  roentgen 
for  Al,  C,  and  TB  material  respectively.'^  These  conversion  factors 
are  based  on  a  value  of  3^  ev  per  ion  pair  (V).  Absorbed  doses  ranged 
from  a  mln^ant  of  20  rads  for  the  Cs^37  source  to  a  maxlTmai  of  90  rads 
for  the  Oo^  source.  The  Cs  exposrxres  ware  at  an  absorbed  dose  rate 
of  2  rads/min,  a  value  which  represents  the  mlnlaun  dose  rate  for  which 
the  mlcrocalorlmeter  was  designed.  Laughlin^  reports  that  about  2  per¬ 
cent  of  the  gasma-ray  energy  absorbed  in  conducting  plastic  is  not 
converted  to  heat  energy  but  is  lost  in  endothersde  chemical  reactions . 
The  TB  absorber  dose  rate  values  given  in  THable  3  have  therefore  been 
increased  by  that  aaxnint  as  have  the  TB  absorbed  dose  measurements  made 
with  the  mlcrocadoriaeter  for  the  other  sources  of  radiation  energy. 
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MeutronB 


In  order  to  nlnlnlce  icatterlng  from  the  bmth  solution,  measure¬ 
ment  of  fast  neutron  ahsofbed  dose  with  the  mlerocalorimeter  is  limited 
to  sources  of  sufficiently  low  average  energy  to  allov  colUmatlon. 

In  addition  the  neutron  Intensity  has  to  be  high  enough  so  that  the 
energy  absorbed  by  a  smsdl  amount  of  material  can  be  determined. 

Neutrons  from  the  Uhlverslty  of  California  60-ln.  cyclotron  at  Crocker 
Laboratory  satisfied  these  requirements.  The  spectrum  produced  idien 
12-Mev  protons  bonibard  a  thick  Be  target  Is  similar  to  that  of  fission 
neutrons.  Tbchllln  and  Kohler  detemlned  the  spectrum  and  dose  rate 
for  the  fast  neutrons  with  nuclear  track  p^tes  and  sulfur  threshold 
detectors  calibrated  to  l4.1-Mev  neutrons."  At  a  beam  current  of  60  pa 
an  output  of  30  rads/mln  vas  obtcd.ned  30  in.  from  the  target  (NRDL  value). 

Neutron  Intercompazdsons  have  been  made  at  the  6o-ln.  cyclotron 
between  this  Laboratory  and  the  Radiobiological  Reseeurch  Chit,  Medlced. 
Research  Council  (MRC),  Harwell,  Ektgland.  The  MRC  measurements  were 
made  with  a  system  of  homogeneous  Ionization  chanibers  vhlch  In  turn  had 
previously  been  used  for  fast  neutron  Intercomparisons  with  other 
laboratories  In  the  United  States.?  The  NRDL  neutron  dose  was  9  percent 
higher  than  the  ^C  value  \dien  the  Ionization  chaiift>ers  were  calibrated 
with  the  NRDL  Co"^  ganma-ray  source."  This  difference  decreased  to 
3  percent  when  the  calibration  factor  based  on  the  MRC  radium  ganma-ray 
standard  was  applied  to  the  Ionization  chaaiber  readings.  The  dis¬ 
crepancy  between  the  two  gamma-iray  standazds  has  not  been  resolved. 

The  over-all  size  of  the  mlcrocsLIorlmeter  necessitated  operating 
It  at  a  4o-deg  sMigle  to  the  direction  of  the  Incident  protons  with  the 
absorber  located  112  cm  from  the  target.  A  collimating  opening  of  6-cm 
diameter  defined  the  neutron  beam.  Neixtrons  outside  the  collimator 
were  attenuated  through  60  cm  of  water  and  10  cm  of  lead.  Obe  neutron 
dose  at  the  location  of  the  absorber  In  the  mlerocalorimeter  was 
measured  with  four  Slevert  Ionization  chaid>ers  whose  neutron  iresponse 
was  determined  at  the  cyclotron  using  the  NRDL  calibration  value  for 
0  deg  to  the  beam  axis.  !lhese  chaadbers  were  made  neutron  sensitive  by 
replacing  the  standard  chaaiber  lining  with  a  conducting  plastic  formu¬ 
lated  to  be  tissue  equivalent  for  both  neutrons  and  gamma  rays. 9 
lonlzatlm  chaatber  response  to  gamma  raya  waa  measured  with  the  200- 
curie  Co^  source  previously  described.  The  relative  neutron  to  ganaa- 
ray  response  of  the  four  chaaibera  was  0.72.  However,  escperlments  at 
the  cyclotron  with  an  essentially  tissue-equivalent  chaid>er  gave  only 
a  slightly  hlth^i*  response.  Ubder  the  saaas  ejqpertawntal  ccmdltlcms, 
the  neutron  to  gamma-ray  response  was  0.74  for  23  Slevert  ehaadiers 
constructed  by  the  Haval  Madloal  Research  Institute,  Bethesda,  Neryland, 
in  vhlch  all  altodnum  parts  ware  replaced  by  conducting  plastic  and  the 
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chaaibers  filled  with  tissue-equivalent  gas  Instead  of  air. 

Since  the  Slevert  chaaibers  did  not  rigidly  adhere  to  the  Bragg- 
Gray  principle,  a  possibility  exists  that  their  neutron  sensitivity 
could  change  vlth  energy.  Nuclear  track  plate  measiirements  at  0  deg 
Sind  at  4^  deg  to  the  beam  axis  made  for  an  esurller  experiment  at  the 
cyclotron  have  established  that  vlrttially  no  change  In  neutron  spectrun 
takes  place  at  the  two  geometrical  locations  Ihe  chamber  csdlbratlon 
at  0  deg  can  therefore  be  expected  to  be  vcdld  at  40  deg  to  the  beam 
axis  idiere  the  mlcrocalorlmeter  measurements  were  made. 

InsMouch  as  fast  neutrons  from  the  cyclotron  are  accompanied  by 
some  gaasna  radiation.  It  became  necessary  to  evaluate  the  contribution 
of  this  component  to  the  total  absorbed  dose  measured  by  the  silcro- 
calorlmeter.  Ihe  gaona-ray  dose  was  measured  with  dosimeter  films. 

A  correction  of  1  percent  was  applied  for  the  dosage  sensitivity  of  film 
to  a  flsslon-type  neutron  spectrun  when  compared  to  a  (kfi^  calibration 
with  gamma  rays.  A  correction  of  less  than  0.5  percent  was  also 
determined  for  the  thermal  neutron  flux  meeuurement  obtained  from  gold 
foil  activation. 

Ionisation  chamber  and  film  measurements  were  made  at  the  location 
of  the  TE  absorber  with  and  without  the  presence  of  the  mlcrocalorlmeter. 
Ibe  data  are  presented  In  liable  4.  !Ibe  doses  were  referenced  to  neutron 
activation  of  sulfur  monitors  placed  in  the  center  of  the  beam  as  It 
emerged  from  the  collimator.  Geiana  rays  InltiaLlly  accounted  for  8 
percent  of  the  toted  dose.  When  Identical  measurements  were  made  inside 
the  calorimeter  the  gamma-ray  contribution  was  11  percent.  Ihls 
3  percent  Increase  was  primarily  from  c^ama  rays  created  by  thexnal 
neutron  captinre  of  moderated  fast  neutrons  In  the  ethylene  glycol  bath 
directly  behind  the  ebsoxber.  At  the  sasw  time  the  neutron  dose  at  the 
location  of  the  abaoxber  was  observed  to  decrease  by  2  percent  because 
of  attenuation  In  the  alualnun  end-plate  of  the  vactna  ehasber.  Ibe 
neutron  attenuation  factor  for  the  TE  material  was  approximately  10 
percent/cm,  resulting  In  a  correction  of  8  percent  for  the  TE  absorber. 
The  thirteen  lO-mln  runs  made  with  the  mlcrocalorlmeter  at  the  cyclotron 
resulted  in  doses  that  ranged  from  24  to  50  rads  and  averaged  35*7  nda 
as  determined  by  the  sulfur  monitors.  After  making  a  2  percent  allowance 
for  endothermic  chemical  reactions,  the  same  13  runs  averaged  37.6  rads 
of  energy  absorbed  In  the  ailcrocalorlmeter. 


«  titqpubllshed  data. 
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OJable  4 

Nsutron  IteasurementiB 


Detector  i 

Itoutron  Haa 
QeBnia'Ray  Dose 
(rads) 

Renarks 

iaiIZA!nON  CHAMBERS  AHD  PIIM 
without  mlcrocalorimeter  38*4 

Measuresient  made  at  the  lo¬ 
cation  of  the  TE  abaoiher 
without  the  presence  of  the 
mlcrocalorimeter,  92  percent 
neutrons 

in  mlcrocalorineter 

38.8 

Measurement  made  In  the 
mlcroccLLorlmeter  with  film 
cuad  ionization  chaadaers 
replacing  the  TB  ahsoiher, 

89  percent  neutrons 

In  mlcroccLLorlneter 

35.7 

Value  calculated  to  include 

8  percent  neutron  attenuation 
In  the  TE  material,  88  percent 
neutrons 

MICROCALORIMEiMt 

!IE  absoiher  (laean  value) 
Standard  error  (13  runs) 

37-6 

0.7 
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900-Mev  Alidia  Particles 

Ttie  response  of  the  mlcrocsilorlmeter  to  900>Mev  alpha  particles 
was  investigated  at  the  University  of  California  l84-in.  synchro¬ 
cyclotron  at  Lawrence  Radiation  Laboratory  (UCIiiL).  A  cooprehensive 
program  of  paz*tlcle  beam  dosimetry  hais  been  developed  at  the  cyclotron 
for  rsdloblology  and  medlceJ.  radiology  investigations. ^3 

Runs  were  made  with  the  silpha  particle  beam  entering  the  exposure 
area  through  a  collimating  pipe  of  l.T^-ln.  dlcmeter.  An  ionization 
chamber  with  plane -parcillel  electrodes  was  centered  in  the  beam 
directly  behind  the  collimator.  Ihe  calorimeter  was,  in  turn,  aligned 
in  the  beam  directly  behind  the  chamber.  Die  collection  volume  of  the 
ionization  chamber,  defined  by  the  circular  curea  of  the  collecting 
electrode,  limited  dose  measurements  to  a  O.^-in.  diameter  in  the 
central  region  of  the  beam.  In  contrsust,  the  eurea  intercepted  by  the 
TE  absorber  was  2.4  times  greater.  Film  dosimeters  were  used  to  check 
the  alignment  of  the  absort>er  and  the  radiation  contours  over  the 
region  of  Interest.  Such  measurements  determined  that  the  average  dose 
received  by  the  TE  dbsoxber  was  10  percent  less  than  that  Intercepted 
by  the  ion  chamber. 

In  an  attempt  to  check  any  possible  ion  chaiiber  dose  rate 
dependency  produced  by  colunumr  reconblnatlon  of  the  alpha  beam, 
exposmes  were  made  at  five  dose  rates  ranging  from  13  to  4000  rads/min. 
The  ion  chamber  current  was  integrated  over  each  run  to  give  the  total 
dose  delivered  in  tissue  rads.  Results  of  the  experiment  are  given  in 
Table  3> 


Table  3 


900-lfev  Alpha  Particle  Measurements 


No. 

of 

Runs 

Approximate 
Dose  Rate 
(rads/min) 

Average 
Dose  HRDL 
(radsi 

Dose 

UCIiiL 

(rads) 

hrdl/uclrl 

3 

75 

203 

196 

1.03 

3 

190 

216 

198 

1.09 

4 

75 

380 

396 

0.96 

6 

250 

4oo 

396 

1.01 

6 

750 

380  . 

396 

0.96 

3 

750 

Iii80 

1580 

0.94 

3 

750 

3000 

3160 

0.95 

3 

4000 

3100 

3160 

0.96 
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DISCUSSION  OF  RESULTS 


Hbp  acciiracles  of  the  calibration  instrumentation  and  of  the 
recorder  Itself  combine  to  give  an  estimated  val\ie  of  1  percent  for  the 
theoretical  accuracy  of  the  mlcrocal.orlmeter .  It  vlll  be  noted  In 
Table  2  that  at  the  minimum  dose  measurements  (2  rads/mln  for  10  min) 
the  standard  errors  are  significantly  greater  than  this  theoretical 
accuracy.  The  lewk  of  reproducibility  on  consecutive  runs  idilch  leads 
to  the  standard  error  Is  believed  to  res\iLt  from  electrical  noise 
superimposed  on  the  recorder  traces,  uncert8d.ntles  In  evaluating  the 
traces,  and  rcuidom  departures  from  steady-state  thermal  conditions  In 
the  calorimeter.  lAider  favorable  operating  conditions,  the  latter 
factor  makes  the  greatest  contribution  toward  the  standard  error.  This 
conclusion  Is  based  on  the  observed  heat  leakage  rate  of  4  x  10~^ 
cal/aec  per  ®C  between  the  C  absorber  and  the  bath.  Using  this  transfer 
rate  and  the  known  3*6-gm  mass  of  the  C  absox^er  It  follows  that  a 
temperature  differential  of  0.007^^0  between  bath  and  absorber  will 
produce  the  same  rate  of  temperature  change  in  the  absorber  as  cm 
absorbed  dose  rate  of  2  rcuis/mln.  Since  this  O.OOT^C  temperature 
differential  la  of  the  same  order  of  magnitude  as  the  amplitude  of  the 
bath  cycle  It  Is  concluded  that  the  dose  rate  of  2  rada/mln  represents 
the  lower  limit  of  the  working  range  of  the  microccdorlmeter. 

6o 

The  Co  gamna-ray  mecmurements  (Table  3)  vere  made  under  ^he 
most  favorable  operating  conditions .  Room  temperatures  were  very  stable 
cmd  there  was  a  minimum  of  Interfering  electronic  noise.  Except  for  the 
second  series  of  aluminum  runs,  the  agreement  between  somrce  calibration 
values  and  the  absorbed  dose  rate  la  within  the  standard  error.  !Ihe 
Cs^BT  mecmurements  were  also  made  under  the  same  operating  conditions 
but  at  the  lower  limit  of  the  working  range  of  the  Instrument,  2  rads/ 
min.  The  results  obtained  were  consistent  with  the  standard  error  and 
the  2  percent  sotirce  calibration  error.  The  agreement  between  the 
source  calibrations  and  the  mlcrocalorlmeter  measureiiwnts  for  the  two 
ganma-ray  energies  confirm  the  V  value  of  34  ev  per  Ion  pair  In  air 
used  to  convert  the  roentgen  doses  to  absorbed  doses. 


18 


The  neutron  measurements  (Tslble  k)  were  made  In  a  building  In 
\diich  there  were  large  temperature  fluctuations  and  some  electrics^ 
noise  Interference.  Ifevertheless,  at  an  expostire  dose  rate  of 
approximately  4  rads/mln,  the  standard  error  of  only  1.9  percent  of  the 
mean  absorbed  dose  vsdue  compares  favorably  with  that  obtained  for  the 
gamma  rays.  It  will  be  noted  that  the  difference  between  the  mlcro- 
calorlmeter  and  Ionization  chaaiber-fllm  measurement  Is  greater  than  the 
standard  error.  Paurt  of  the  dlscrepcmcy  Is  probably  Inherent  In  the 
problem  of  compaurlng  absorbed  dose  with  first  collision  dose.  After 
cadlbratlng  the  Slevert  Ionization  chambers  on  the  basis  of  the  first 
collision  NRDL  value,  they  were  used  to  determine  the  fast  neutron  dose 
Inside  the  mlcrocaLlorlmeter  for  the  laurger  cross -sectlonaQ.  area  of  the 
TE  absorber.  Hie  discrepancy  between  the  mlcrocadorimeter  vadue  auid 
the  MRC  measurement  at  the  ^-In.  cyclotron  Is  slightly  larger.  The 
Ionization  chamber-film  measurements  were  based  on  the  NRDL  cadlbratlon 
vadue  idilch,  as  previously  mentioned,  was  9-9  percent  hlc^er  than  the 
MRC  measurement.  The  mlcrocalorlmeter  absorbed  dose  vadue  which  Is 
9  percent  higher  thaui  the  NRDL  cadlbratlon  value  this  becomes  10-14 
percent  higher  than  the  MRC  measurement. 

During  the  90O-Mev  alpha  paurtlcle  measurements  (Table  9)  a  great 
dead  of  difficulty  was  experienced  In  the  Instrumentation  of  the 
temperature  sensing  system  of  the  mlcrocadorimeter.  Random  excursions 
of  magnitudes  severad  times  the  drift  correction  were  frequently 
observed  In  the  amplified  slgnad  from  the  bridge.  As  a  result,  the 
agreement  between  absorbed  dose  measurements  In  consecutive  runs  was 
not  as  good  as  ml£ht  be  expected  for  operation  at  the  relatively  low 
sensitivities  required  for  these  high  dose  rates.  The  vadiss  which  are 
shown  are  not  believed  \diolly  representative  of  the  capability  of  the 
mlcrocadorimeter,  but  since  It  was  not  feasible  to  repeat  the  measure¬ 
ments,  th^  have  been  Included  In  this  report.  The  tissue -equlvadent 
red  dose  from  the  hl^-energy  adpha-peurtlcle  beam  was  measured  as  It 
passed  through  the  Ionization  chamber  before  reaching  the  absozber. 
There  was  a  negligible  amount  of  scattering  of  alpha  particles  out  of 
the  well-coUlmated  beam.  Thus  the  mlcrocadorimeter  and  the  Ionization 
chamber  measurements  for  the  900-Mev  adpha-paiblcle  beam  eure  directly 
compau'able . 
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CONCLUSIONS 


nie  results  of  the  experiments  discussed  In  this  report  indicate 
that  with  the  proper  selection  of  absoxher  materied.  the  mlcrocalorimeter 
can  be  xised  to  make  absolute  measurements  of  absoxi>ed  dose  from  gaDna 
rays,  neutrons,  and  charged  particles  at  rates  ranging  from  2  to  1»000 
rads/mln.  The  principal  disadvantages  of  Its  use  are  Its  large  physical 
size,  the  relatively  long  period  of  time  (at  least  2U  hr)  required  for 
evacuation  of  the  chaaiber  and  the  attainment  of  thermal  equiUbrlun, 
and  the  necessity  for  providing  a  cooling  period  after  several  con* 
secutlve  exposures  to  permit  the  cdxaoiber  and  baffle  to  regain  temper¬ 
ature  equilibrium  with  the  bath.  WLthln  the  limitations  mentioned 
above,  use  of  the  mlcrocalorimeter  as  a  laboratory  standard  has  been 
demonstrated. 
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